Introduction
Cyanobacteria (blue-green algae) have been shown to be prolific producers of bioactive secondary metabolites (Tan, 2007; Wagoner et al., 2004; Harada, 2004) . Several terrestrial cyanobacterial species belonging to the order Nostocales have been reported to produce naturally occurring paracyclophanes.
Nostocyclyne A, an acetylenic [14] paracyclophane, was isolated from the natural bloom of Nostoc sp. and displayed antimicrobial activity against Gram-positive bacteria S. aureus and B. subtilis (Ploutno et al., 2000) . Cylindrocyclophanes and nostocyclophanes, the two classes of cyanobacterial [7.7] paracyclophanes isolated from the cultured Nostoc sp. and Cylindrospermum sp., have exhibited a broad spectrum of biological activities, including antibacterial, antifungal and cytotoxic activities (Moore et al., 1990; Chen et al., 1991; Moore et al., 1992; Bui et al., 2007; Chlipala et al., 2010) . The polyketide biosynthetic pathway of these natural cyclophanes was determined by an isotope feeding experiment, and involves dimerization of two acetate-derived nonaketides and subsequent modification by chlorination, oxidation and/or methylation, resulting in diverse chemical structures (Bobzin et al., 1993) .
Recently, we reported several cyclindrocyclophanes from a terrestrial Nostoc sp. (UIC 10022A) obtained from a material collected in the city of Chicago. These compounds displayed inhibitory activity against 20S proteasome and were found to be cytotoxic against cancer cell lines, including HT-29, NCI-H460, SF268 and MCF7 cells (Chlipala et al., 2010) . Herein, we report the isolation, structure elucidation and biological activity of two additional cyclophanes, named merocyclophanes A and B (1 and 2), isolated from a second Nostoc sp. (UIC 10062). This strain was obtained from a sample collected at Grand Mere state park in Michigan, and the merocyclophanes were named in recognition of the collection site. The planar structures were determined using various spectroscopic methods including HRESIMS, and 1D and 2D NMR experiments. The stereoconfiguration was assigned by a combination of X-ray crystallographic and CD analyses. The structures of merocyclophanes A and B (1 and 2) revealed a new [7.7] paracyclophane carbon skeleton characterized by the presence of α-branched methyls at C-1/14.
Results and Discussion
Nostoc sp. (UIC 10062) was isolated from a sample collected at Grand Mere State park in Michigan, and cultured in Z media (Falch et al., 1995) . The freeze-dried cells were extracted with a mixture of CH 2 Cl 2 and MeOH (1:1, v/v) and dried in vacuo, and the resulting extract (156.6 mg) was subjected to bioassay-guided fractionation. This cell extract showed antiproliferative activity against the HT-29 human colon cancer cell line (IC 50 13.1 μg/mL), and was fractionated using Diaion HP-20 resin and an increasing amount of isopropyl alcohol (IPA) in H 2 O. The fractions eluting at 70 (5.0 mg) and 80 (6.5 mg) % IPA were found to be active with IC 50 values of 0.9 and 1.2 μg/ml, respectively. LC-MS and UV analyses of active fractions indicated the presence of two cyclophanes with the molecular weights of 552 and 566. Reversed-phase HPLC of these fractions yielded merocyclophanes A (1, 2.4 mg, 0.11%) and B (2, 0.9 mg, 0.04%). and H-12/25 (δ H 6.00) to C-1/14 (δ C 41.8) and from H-7/20 (δ H 3.10) to C-9/22 (δ C 158.5) and C-13/26 The planar structure of 1 revealed the presence of four stereogenic centers. The stereoconfiguration of 1 was determined by a combination of X-ray crystallographic and CD spectral analyses.
Merocyclophane A (1) was crystallized from acetonitrile. Single-crystal X-ray analysis established the relative configuration of 1 as shown in Fig. 2 . The absolute configurations at C-1/14 and C-7/20 were established by comparison of the CD spectrum of 1 with those reported for the nostocyclophanes (Chen et al., 1991) . The Cotton effects observed between 220 ~ 230 nm and between 270 ~ 280 nm arise from π-π* transitions of a benzene chromophore. According to the benzene sector rule, the chlorine-bearing stereogenic carbons in the nostocyclophanes, three carbons away from the benzene chromophore,
should not affect the Cotton effects in these regions (Smith, 1998) . The CD spectrum of 1 exhibited negative Cotton effects at 227 (Δε, -4.35) and 277 (Δε, -2.73), similar to those observed for the nostocyclophanes, suggesting the same absolute configurations. Therefore, the absolute configurations of the four stereogenic carbons C-1/14 and C-7/20 in 1 were assigned as "R" and "S", respectively. (Bobzin et al., 1993) . However, the C-methylation in the merocyclophanes occurred at α-position, suggesting that these methyl groups are likely derived from SAM (S-adenosyl methionine) (Jones et al, 2010 ).
Merocyclophanes A and B (1 and 2) were tested for their antiproliferative activity against the HT-29 human colon cancer cell line. Both 1 and 2 displayed antiproliferative activity with IC 50 values of 3.3 μM and 1.7 μM, respectively. Merocyclophanes A and B (1 and 2) possessed similar levels of antiproliferative activity as those reported for cylindrocyclophanes A -F against various cell lines (0.5 -5 μg/mL). A SAR study on cyclindrocyclophane A suggested that the 2,5-dialkylresorcinol moiety was the pharmacophore needed for the antiproliferative activity of cylindrocyclophanes, and that the activity was significantly enhanced by the presence of [7.7] paracyclophane core structure (Yamakoshi et al, 2009 ). The structure of merocyclophane A (1) differs from that of cyclindrocyclophane A by the position of methyl groups and the lack of alkyl hydroxy groups, however both compounds showed a similar level of activity. This indicates that replacement of the hydroxyl groups at C-1/14 or C-2/15 by methyl groups does not significantly change the antiproliferative activity of natural [7.7] paracyclophanes.
Taxonomic identification of the strain UIC 10062 was conducted on the basis of microscopic examination and phylogenetic analysis using a 16S rRNA gene sequence. the α-branched methyls at C-1/14, which is biosynthetically distinct from the β-branched methyls found in the cyclindrocyclophanes. Also, among these three strains, only Nostoc sp. UIC 10022A was known to produce chlorinated cyclophanes. Considering the quite distant phylogenetic relationships of 16S
rRNA genes among cyclophane-producing species, it can be hypothesized that there has been a potential horizontal gene transfer between species, and these genes have evolved to have different modification patterns due to different environmental conditions.
Conclusion
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General Experimental Procedures
Optical rotations were measured using a Perkin-Elmer 241 polarimeter. UV spectra were measured on a Shimadzu UV spectrometer UV2401 and scanned from 190 to 360 nm. CD spectra were recorded on a JASCO J-710 CD spectrometer. IR spectra were acquired using a Jasco FTIR-410 Fourier transform infrared spectrometer. 1D and 2D NMR spectra were obtained on a Bruker Avance DRX 600
MHz NMR spectrometer with a 5 mm CPTXI Z-gradient. 1 H and 13 C NMR chemical shifts were referenced to the solvent signals (MeOH-d 4 and DMSO-d 6 ). The HMBC spectrum was recorded with the average 3 J CH of 8 Hz and the HSQC spectrum was measured with the average 1 J CH of 140 Hz. Lowand high-resolution ESI mass spectra were obtained using a Shimadzu IT-TOF LC mass spectrometer.
Biological Material
Nostoc sp. (UIC 10062) was isolated from a sample collected at the north pond of Grand Mere State park in Michigan in 2007 (N 42°00.679', W 86°32.417'). The unialgal strain (UIC 10062) was produced through micropipette isolation techniques (Chlipala et al., 2009) . The strain was cultured in a 22 L glass flask containing 18 L of Z media with sterile aeration (Falch et al., 1995) . Cultures were illuminated with fluorescent lamps at 1.03 klx with an 18/6 h light/dark cycle. The temperature of the culture room was maintained at 22 ºC. After 6 weeks, the biomass of cyanobacteria was harvested by centrifugation and then freeze-dried.
Strain Identification
Morphological studies were performed using a cultivated cyanobacterium UIC 10062 (See biological material). The microscopic observation for morphological characterization was conducted using a Zeiss Axiostar Plus light microscope equipped with a Canon PowerShot A620 camera. The following parameters were selected to characterize its morphology: thallus morphology, shape of trichome, morphology of terminal cells, shape and arrangement of vegetative cells, presence and arrangement of heterocystes and akinetes (Supporting Material). Taxonomic identification of the cyanobacterial specimen was made in accordance with the modern taxonomic system (Komárek et al., 2003) .
DNA Extraction, PCR Amplification and Sequencing
Approximately 258 mg of cell mass, obtained from a static culture of Nostoc sp. (UIC 10062), was centrifuged at 14,000 × g for 5 min, and pretreated with lysozyme and proteinase K as follows prior to using the Wizard Genomic DNA purification kit. The cell pellet was re-suspended in 2.5 mL of lysis buffer containing lysozyme (1 mg/mL) and incubated at 37˚C for 1 hr. To this mixture, proteinase K was added to a final concentration of 100 µg/mL, and incubated at 50˚C for 1 h. After incubation, the cell material was recovered by centrifugation at 14,000 × g for 3 min. DNA was extracted from this pretreated cell material using the Wizard Genomic DNA purification kit (Promega) where the protocol was slightly modified to include mechanical disruption after the addition of the nuclei lysis solution (step 6). A portion of the 16S rRNA gene was PCR-amplified using the cyanobacteria-specific primers 106F and 1509R (Martínez-Murcia et al., 1995) . For a total volume of 50 L, the reaction mixture initial denaturation for 30 s at 98˚C, 35 amplification cycles of 10 s at 98˚C, 30 s at 53˚C and 30s at 72˚C, and a final extension for 10 min at 72˚C. PCR products were purified using a MinElute PCR purification kit (Qiagen) and sequenced using the cyanobacteria-specific primers 106F and 1509R as well as the internal primers, 359F and 781R (Nübel et al., 1997) . The resulting 16S rRNA gene sequence is available in the NCBI GenBank database (acc. no. JN714978).
Phylogenetic Analysis
Phylogenetic and molecular evolutionary analyses were conducted using MEGA 5.0 (Tamura et al., 2011) . The resulting sequence chromatograms were visually inspected, and the total sequence of 1,290 nucleotides was aligned with 40 cyanobacterial species retrieved from GenBank as well as Gloeobacter violaceus PCC7421 as an outgroup. Cyanobacterial reference strains were firstly selected from
Bergey's Manual (Castenholz, 2001) , and only sequences of at least 1 kb were retrieved from GenBank.
Multiple sequence alignment was performed with ClustalW in MEGA 5.0 with standard gap opening and extension penalties. The evolutionary history was inferred using the neighbor-joining (NJ), minimum evolution (ME) and maximum parsimony (MP) methods. One thousand replicates were used to evaluate the robustness of branches in the inferred trees generated. Subgroups with greater than 75% consistency in the tree are labeled at the respective nodes.
Extraction and Isolation
The freeze-dried biomass ( Crystals for X-ray analysis were grown from acetonitrile. A small single crystal, roughly 30 × 30 × 30 μm, was selected for data collection at sector-22-BM. The crystal was encased in Paratone-N oil and cooled to 100K to minimize crystal degradation and X-ray radiation damage. The MAR 225 CCD detector was set at a distance of 85 mm from the crystal using a wavelength of 0.80Å to collect data near a resolution of 0.86 Å. 36 images were collected, each with a rotation sweep of 10°. The images were indexed, and the intensities were integrated and scaled with XDS (Kabsch, 1993) . The WinGX package was used for structure solution and refinement. The space group was identified as C2 with one molecule in the asymmetric unit (Farrugia, 1999) . SHELX was used for structure solution and refinement on F2. Six acetonitrile molecules were found in the asymmetric unit, with two of them sitting on 2-fold axes. Four acetonitrile molecules are each involved in hydrogen bonding with the four aromatic hydroxyl groups; the remaining two acetonitrile molecules reside in channels formed at the interface of the larger macrocycles as they pack together in the unit cell. Crystal data: Strains marked with a (*) were obtained as Bergey's reference strains. Cyanobacterial strains previously reported to produce cylindrocyclophanes are denoted by a triangle (▲). Only bootstrap values greater than or equal to 75% are displayed. 
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